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Introduction
Human erythroblastic precursor cells adhere to fibronectin (Fn) but the exact nature of the receptors mediating this interaction has not been characterized. In this study, we report data showing that immature human erythroblasts express the integrins VLA-4 and VLA-5 and that both these molecules act as fibronectin receptors on these cells. We have recently demonstrated that adhesion to Fn of purified human CFU-E and their immediate progeny preproerythroblasts was inhibited by antibodies directed against the human fibronectin receptor (VLA-5). Here we have extended those results and characterized by immunoprecipitation with specific antibodies the integrins expressed on surface-labeled normal human immature erythroblasts. A polyclonal antibody recognizing the common VLA ,1 subunit yielded two polypeptides of 120 and 160 kD. Our data further demonstrate that the polypeptide of 160 kD contains a subunits corresponding to both a4 and a5. Thus, erythroblast lysates prepared in 0.3% CHAPS and immunoprecipitated with antibodies which specifically recognize the a4 subunit showed a heterodimer with peptides of 120 (81) and 160 kD (a4) and the additional peptides of 70 and 80 kD which usually coprecipitate with the a4 chain. On the other hand, specific anti-a5 antibodies immunoprecipitated an a5/l61 complex with peptides of 120 and 160 kD which under reducing conditions migrated as a single band of 130 kD. Similar experiments performed with an erythroleukemic cell line (KU 812) showed that these cells also coexpress both the VLA4 and VLA-5 members of the integrin family. Furthermore, monoclonal antibodies recognizing the VLA a4 chain blocked the adhesion of immature erythroblasts to Fn-coated Cell adhesion to fibronectin (Fn)'-containing matrices appears as an essential mechanism in the control of normal cell differentiation as well as in cancer cell metastasis (1) (2) (3) (4) . These interactions occur through specific cell surface receptors, some of which belong to the VLA group of the integrin superfamily. VLA proteins include at least six heterodimers composed of a distinct a subunit noncovalently associated with a common f 1 subunit of 120-130 kD (5, 6) . At least three of these glycoproteins (VLA-3, VLA-4, and VLA-5) can bind Fn (7) (8) (9) (10) . Both VLA-3 and VLA-5 contain a chains of 160 kD under nonreducing conditions but which migrate as a 1 30-kD polypeptide under reducing conditions (5) . The VLA-4 a subunit also migrates on nonreducing polyacrylamide gels as a 160-kD polypeptide but reduction does not alter its migration (8) . Although these three receptors bind to Fn, they are not functionally identical. Thus, VLA-5 and VLA-3 bind specifically to the Arg-Gly-ASP-ser (RGDS) sequence of Fn (1 1, 12), whereas recent studies suggest that VLA-4 acts as a receptor for the CS-I region of this molecule (13) . In contrast to VLA-5 which functions exclusively as a Fn receptor, both VLA-3 and VLA-4 have multiple ligands: VLA-3 binds Fn, laminin and collagen depending on the cell type (9) , and VLA-4 recognizes ligand molecules expressed on endothelial cells different from Fn (14, 15) . Cell distribution for each one of these integrins shows a clearly distinct pattern. Thus, VLA-5 is widely distributed (5, 8, 16) , whereas the expression of VLA-3 and VLA-4 is more restricted, the first to adherent cells such as fibroblasts and epithelial cells (5, 17) , and the second to peripheral blood cells of the monocytic and lymphoid lineages as well as related cell lines (13, 16, 18) .
In contrast to the extensive characterization ofextracellular matrix receptors on mature peripheral blood cells, nothing is known on integrin expression at earlier stages ofhematopoietic differentiation. This laboratory as well as others has recently provided evidence for the existence of Fn adhesion during human and murine erythropoietic differentiation (19) (20) (21) . However, the lack of a reproducible procedure to purify erythroid progenitor cells has prevented the direct characterization of integrins on these human cells.
We have recently reported a procedure to obtain highly purified CFU-E and preproerythroblasts from human marrow, and we have shown that these cells selectively attach to Fn and lose this property during terminal erythroid differentiation (22) . The involvement of VLA-5 as a functional Fn-receptor was indirectly supported by the observation that an anti-VLA- 5 MAb blocked attachment of both CFU-E and preproerythroblasts to Fn (22) .
In this report, we demonstrate that two molecules of the VLA family, VLA-4 and VLA-5, can be immunoprecipitated from the cell surface of these immature human erythroblasts as well as from the cell surface ofthe human erythroleukemic cell line KU 812. Furthermore, monoclonal antibodies directed against the a4 subunit also blocked adhesion ofthese immature erythroblasts to Fn, thus demonstrating that in addition to VLA-5, VLA-4 also functions as a Fn receptor on these cells.
Methods
Source ofhuman erythroblastic cells. Immature erythroblasts were purified as a homogeneous population from normal human marrow by negative selection using an avidin-biotin immune rosetting procedure as previously described (21) . The purified population, which is reproducibly > 80% erythroblastic by immunologic labeling with anti-CD 36 antibody (23) has been extensively characterized by colony assays and electron microscopy (22) . It includes two erythroid cell types: 10-15% CFU-E, and 60-70% preproerythroblasts. A CFU-E is defined by its capacity to generate in semi-solid assays a colony of 10-100 hemoglobinized erythroblasts at day 8-10, whereas preproerythroblasts, which represent the immediate progeny of CFU-E, are identified by ultrastructural features and form only small lytic colonies in vitro. Thus, even though CFU-E and preproerythroblasts cannot be independently purified, their properties can be separately assessed. These cells were incubated overnight at 370, in an air atmosphere supplemented with 5% CO2 in alpha medium supplemented with 20% FCS and 3 U/ml of erythropoietin (a kind donation of Dr. C. Eaves, Terry Fox Laboratory, Vancouver, Canada) before they were surface labeled (see below). The erythroleukemic cell lines K-562, KU 812, and the T Iymphoid cell line MOLT4 were cultured in RPMI 1640 supplemented with 10% FCS. The KU 812 cell clone used in this study was obtained from Dr. W. Vainchenker (INSERM U 91, Hopital H. Mondor, Creteil, France) and has been derived from the initial cell line generated by K. Kishi (24, 25) .
Antibodies against integrin receptors. Protein A purified rabbit polyclonal IgG raised against the human placental fibronectin receptor (anti-FnR) was purchased from Telios Pharmaceuticals (San Diego, CA). This antibody reacts mainly with the common integrin #I subunit of the VLA family (26) . Mouse MAbs B5-GIO and HP2/1 directed against the extracellular domain of the a4 subunit of VLA-4 were kindly obtained from Dr. M. E. Hemler (Dana-Farber Cancer Institute, Boston, MA) (8) and Dr. F. Sanchez-Madrid (Hospital de la Princesa, Madrid, Spain), respectively (27) . MAb TS2/16 against the ,1 subunit was a gift of Dr. F. Sanchez-Madrid (28). B I E5, a rat MAb specific for the a5 subunit of VLA-5 was a kind gift of Dr. C. Damsky (University ofCalifornia, San Francisco, CA) (29) . Affinity purified polyclonal IgG (33.8) directed against the cytoplasmic domain of the a5 subunit (30) were kindly provided by Dr. J. A. McDonald (Washington University School of Medicine, St. Louis, MO). Two monoclonal antibodies directed against the a3 subunit of VLA-3 were used: J 143 a kind gift of Dr. A. Albino (31) , and PlB5 (32) purchased from Telios Pharmaceuticals. Among these antibodies, only HP 2/1, BIE5, and PIB5 have the property to inhibit cell adhesion to fibronectin, whereas B5G10, TS2/ 16, 33.8, and J143 recognize integrin epitopes which are not involved in ligand binding.
Cell adhesion and antibody inhibition assays. Attachment of erythroid precursor cells to Fn was assessed as previously described ( 18) .
Briefly, 2-4 X 10 purified cells were incubated for 2 h at 370 in a 5% CO2 atmosphere on 2 cm2 Fn-coated tissue culture wells. After the removal of nonadherent cells, the wells were gently washed twice and the adherent cells detached by a mild trypsin treatment. Both adherent and nonadherent cell populations were counted and plated in methylcellulose colony-assays to assess the number of erythroid progenitor cells CFU-E as previously described in detail (19) . As preproerythroblasts represent 60-70% of the purified population, we estimated their number to be close to the number of nucleated cells (22) . To test the effect ofthe various antibodies on cell adhesion to Fn, cells were preincubated with the selected antibodies for 1 h at 40, and the attachment assay was then performed in the continuous presence ofthe antibody as described above. B I E5 and HP 2/1 were used as undiluted hybridoma supernatants, PIB5 as a 1/100 dilution ofascitic fluid, and the polyclonal anti-Fn receptor antibody at a 1/10 dilution. Control antibodies included: nonimmune IgG, MAb FA6 152, which recognizes a 78-88 kD glycoprotein on erythroblasts, monocytes, and platelets (33) , and MAbs B5GIO and TS2/16 which recognize integrin epitopes not involved in fibronectin adhesion.
Labeling and immunoprecipitation of cell surface integrins. Cells (2-10 x 106) were surface-labeled with 1 mCi of 125I using the lactoperoxidase method. Cell lysates were initially prepared by incubating the cells for 30 min at 40C in 1% Triton X-100, but in subsequent experiments 0.3% CHAPS was prefered to avoid dissociation of the a461 complex (8, 13) . Both detergents were prepared in HBSS containing 1 mM CaCl2 and 0.5 mM MgCI2 with freshly added 2.0 mM phenylmethyl sulfonyl fluoride and 10 jtg/ml of aprotinin (lysis buffer). After centrifugation of the cell lysates at 10,000 g for 15 min at 40C the supernatants were dialyzed against lysis buffer without aprotinin and precleared with normal rabbit serum and Protein A-Sepharose. Immunoprecipitations with specific antibodies were done as described elsewhere (5) . Bound antigens were dissociated by boiling for 5 min in SDS sample buffer without reducing agent (34) . In those experiments in which the antigens were analyzed both under reducing and nonreducing conditions the collected supernatants were divided into two identical aliquots, # mercapto-ethanol (3%) added to one of them and both reheated at 100°C for 3 min. Solubilized antigens were analyzed by PAGE in 7.5% gels as described by Laemmli (34) and specific bands revealed by autoradiography. A mixture of proteins of known molecular weights (Bio-Rad Laboratories, Richmond, CA) was included in each gel to estimate the relative size of the unknown peptides.
Immunofluorescence staining. Indirect immunofluorescent staining ofunfixed purified erythroblastic cells with HP 2/ 1, B I E5, and J 143 was done in suspension (22) . Control experiments done with irrelevant antibodies gave no significant fluorescence.
Results
Identification of VLA molecules expressed on normal human erythroid precursors and in the erythroleukemic cell line KU 812. To identify the integrins expressed by normal human erythroblastic precursors, we first immunoprecipitated lysates of these cells prepared in 0.3% CHAPS with a polyclonal antibody prepared against the Fn receptor from human placenta. This antibody coprecipitates the ,B1 subunit together with the corresponding noncovalently associated a chains. Two bands of 120 and 160 kD (Fig. 1 a) corresponding to the f81 subunit and to one or more VLA a subunits, respectively, were detected on polyacrylamide gels. In cell lysates done with 1% Triton X-100 the 1 containing lysates (Fig. 1, a and b) (8, 13) . No bands were detected on gels from erythroblast lysates immunoprecipitated with the anti-a mAbs J143 and P1BS (Fig. 1 d) . K (25) . Fig. 2 shows that gels of Triton-X 100 lysates of surface-labeled KU-8 12 cells immunoprecipitated with the polyclonal antifibronectin receptor antibody exhibited two bands of 120 and 160 kD under nonreduced conditions (Fig. 2 a) . Under reducing conditions also two bands were observed of 130 and 160 kD (Fig. 2 e) . Immunoprecipitation of an identical lysate with the anti-a5 MAb B 1 E5 yielded two bands of 120 and 160 kD under nonreducing conditions (Fig. 2 c) but only a single band of 130 kD on a reducing gel (Fig. 2 g ) a pattern characteristic of the nonreduced and reduced forms of the #1 and the a5 chains of VLA-5. The presence of a band of 160 kD on reducing gels oflysates immunoprecipitated with the anti-#3l antibody indicated the presence of another a chain in the lysate besides a5. This extra band corresponded to the a4 subunit, on the following arguments: (i) specific anti-a4 antibody B5-GIO immunoprecipitated both a4 and #1 chains from CHAPS lysates of KU 812 (Fig. 2, b andf) ; (ii) two bands at 70 and 80 kD characteristic of VLA-4 (8, 13) were present on these gels (see Fig. 2, a, b , e, andf) and (iii) preclearing of a Triton-X 100 lysate of KU 812 with MAb B1E5 removed all a5 reactivity (Fig. 2 h) but left residual proteins that could be precipitated by the anti-a4 antibody HP2/ 1 (Fig. 2 i) . Similar to the results found with normal erythroblasts, a3 could not be immunoprecipitated from KU 812 cells (Fig. 2 d) . Differences in the expression of integrins between K 562 and KU 812 erythroleukemic cell lines is a further illustration ofthe phenotypic heterogeneity ofcell lines.
Immunofluorescence experiments confirmed that close to 100% of KU 812 cells and purified erythroblasts stained brightly with the anti-a4 mAb HP 2/1. Similar results were obtained with the MAb B 1 E5 on KU 812 cells, but staining of normal erythroblasts with this MAb was not different from background, suggesting that, in contrast to a4, only low numbers of aS are expressed on normal erythroblasts (not shown). a3 was not detectable by immunofluorescence neither on KU 812 cells nor on normal erythroblasts.
Inhibition ofthe adhesion tofibronectin ofnormal erythroblasts by anti-VLA-4 antibody. In recent studies, we demonstrated that purified CFU-E and preproerythroblasts adhere selectively to Fn-coated substrates in the proportion of 58 and 3 1%, respectively, but failed to adhere to laminin and collagens type I and III. We further demonstrated that Fn attachment was inhibited by a polyclonal antifibronectin receptor and the anti-a5 MAb B 1 E5 (22) . Results obtained in this study on six separate experiments confirmed the inhibitory effect of the anti-a5 antibody (Fig. 3) . Interestingly, whereas B 1 E5 blocked 85% of CFU-E attachment to Fn, it inhibited only 70% of preproerythroblasts adhesion to Fn. To determine if VLA-4 also mediates adhesion to Fn on these cells, we labeled purified erythroid cells (CFU-E + preproerythroblasts) with HP 2/1 and incubated them on Fn-coated dishes. Shown on Fig. 3 are the results of nine independent experiments; preincubation of cells with this anti-a4 MAb inhibited both CFU-E and preproerythroblasts attachment to Fn at least by 70%, thus indicating that VLA-4 is also a functional Fn receptor on erythroblasts. When cells were incubated in the same experiments with a mixture of both B I E5 and HP 2/ 1, adhesion of CFU-E and preproerythroblasts was inhibited to a greater extent (95%) than in the presence of each Ab separately (Fig. 3) , a result which suggests that the effect of VLA-4 and VLA-5 in the attachment of erythroblastic cells to Fn might be complementary. Neither BIE5 nor HP 2/1 were cytotoxic for erythroid Immunoprecipitates were analyzed by SDS-PAGE under nonreducing conditions (7.5%) followed by autoradiography. Molecular weights of immunoprecipitated proteins were determined based on the migration of markers of known molecular weight. (35) should be taken into account when such models are used to understand the physiological significance ofintegrin expression during normal human erythroid differentiation.
We have recently described a procedure that permits the purification from normal human marrow of a homogeneous population of very immature erythroblasts including 10-15% CFU-E and 60-70% preproerythroblasts (which represent the immediate progeny of CFU-E) in numbers sufficient to per- form biochemical studies (22) . These cells bind selectively to Fn-coated dishes and this process was inhibited by MAb B 1 E5 (anti-a5), strongly suggesting that VLA-5 was expressed on these cells. Immunoprecipitation of surface-labeled purified erythroblasts with MAb BlE5 (Fig. 1 c) (8, 13) and second, as reported by others (8, 13), we also found that the 160-kD band corresponding to the A4 chain was absent or barely visible from gels of immunoprecipitates of erythroblasts lysates prepared in 1% Triton-X 100 (data not shown).
In contrast to VLA-4 and VLA-5, VLA-3, which functions also as a Fn receptor and has subunit molecular weights similar to those of VLA-5 (10) could not be demonstrated neither on immature erythroblasts nor on KU 812 cells by immunofluorescence, immunoprecipitation, or adhesion inhibition with the anti-a3 MAbs. This is in agreement with the usual lack of expression of this integrin on cells growing in suspension (36) .
VLA-5 is widely distributed and binds to the RGD sequence of the Fn cell binding domain, whereas VLA-4, which has been identified only on murine and human lymphoid and granulocytic cells (13, 37) , recognizes the COOH-terminal 10 amino acids of the alternatively spliced V segment of the Fn molecule (CS-1) (13, 38) . In addition to Fn, VLA-4 has other ligands: it is involved in homotypic cell-cell interaction (39) and lymphocyte homing ( 14) , and recognizes VCAM-1, a molecule expressed by cytokine-activated human endothelial cells (15) . Our antibody inhibition experiments demonstrate that cell attachment to Fn through VLA-4 is not restricted to lymphoid cells because it also characterizes normal human immature erythroblasts and therefore might be a more widely expressed molecule in the hematopoietic system. Whether or not the VLA-4 present on erythroblasts also recognizes the CS-I domain of Fn remains to be determined.
The biological significance ofthe expression by erythroblastic cells of two distinct integrins probably binding to different attachment sites on the fibronectin molecule is unclear. Partial inhibition of cell adhesion obtained with the a43l and the a5f31 antibodies separately and their additive effect when used in combination (see Fig. 3 ) suggest that both receptors can function independently but cooperate in mediating erythroblast adhesion to fibronectin, an hypothesis which agrees with results obtained by several groups using non erythroid cells (40) (41) (42) . In vivo both integrins might be independently regulated during normal erythroid differentiation, thus affecting erythroblasts interactions with their marrow environment. This is suggested by our previous observations that adhesion to Fn first increases during early stages of erythroid differentiation, and is subsequently lost with terminal maturation (19, 22) .
